Purpose: Ameloblastoma is an odontogenic neoplasm whose overall mutational landscape has not been well characterized. We sought to characterize pathogenic mutations in ameloblastoma and their clinical and functional significance with an emphasis on the mitogen-activated protein kinase (MAPK) pathway. Experimental Design: A total of 84 ameloblastomas and 40 non-ameloblastoma odontogenic tumors were evaluated with a combination of BRAF V600E allele-specific PCR, VE1 immunohistochemistry, the Ion AmpliSeq Cancer Hotspot Panel and Sanger sequencing. Efficacy of a BRAF inhibitor was evaluated in an ameloblastoma derived cell line. Results: Somatic, activating and mutually-exclusive RAS-BRAF and FGFR2 mutations were identified in 88% of cases. Somatic mutations in SMO, CTNNB1, PIK3CA and SMARCB1 were also identified. BRAF V600E was the most common mutation, found in 62% of ameloblastomas and in ameloblastic fibromas/fibrodentinomas but not in other odontogenic tumors. This mutation was associated with a younger age of onset while BRAF wild-type cases arose more frequently in the maxilla and showed earlier recurrences. 100% concordance was observed between VE1 immunohistochemistry and molecular detection of BRAF V600E mutations. Ameloblastoma cells demonstrated constitutive MAPK pathway activation in vitro. Proliferation and MAPK activation were potently inhibited by the BRAF inhibitor vemurafenib. Conclusions: Our findings suggest that activating FGFR2-RAS-BRAF mutations play a critical role in the pathogenesis of most cases of ameloblastoma. Somatic mutations in SMO, CTNNB1, PIK3CA and SMARCB1 may function as secondary mutations. BRAF V600E mutations have both diagnostic and prognostic implications. In vitro response of ameloblastoma to a BRAF inhibitor suggests a potential role for targeted therapy.
INTRODUCTION
Ameloblastoma is a locally invasive odontogenic neoplasm arising in the mandible or maxilla. Most ameloblastomas are slow-growing neoplasms without metastatic potential, but surgical resection often results in significant facial deformity and recurrences are common (1) . While the mutational landscape of ameloblastoma has not been well characterized, there is mounting evidence for the activation of the mitogen-activated protein kinase (MAPK) pathway playing a prominent role in the pathogenesis of ameloblastoma. Several studies have demonstrated activation of components of the MAPK pathway in an ameloblastoma cell line (AM-1) under various circumstances including stimulation with tumor necrosis factor alpha (2) and fibroblast growth factors 7 and 10 (3). In addition, transgenic mice expressing v-HaRas under the zeta-globin promoter develop odontogenic tumors resembling ameloblastoma (4) . We recently identified a case of metastatic ameloblastoma with a BRAF V600E mutation. This same mutation was recently reported in 15 of 24 benign ameloblastomas (5) . Single cases of ameloblastomas with KRAS (6) and CTNNB1 (7) mutations have also been described. However, a comprehensive evaluation of the MAPK pathway or other cancer associated mutations has not been performed. In this study, we sought to determine the overall frequency of MAPK and other mutations in a large cohort of ameloblastomas, to investigate the functional and clinical significance of these mutations, and to establish the specificity of these mutations compared to other odontogenic tumors.
MATERIALS AND METHODS

Sample Selection
With institutional review board approval at the University of Michigan, medical records were queried for samples from patients diagnosed with ameloblastoma over the preceding fifteen years. A schematic of how available cases were evaluated is depicted in Figure 1A .Forty cases of non-ameloblastoma odontogenic tumors were also accrued for evaluation of BRAF V600E status using allele-specific PCR.
These included one ameloblastic carcinoma, two ameloblastic fibromas, one ameloblastic fibrodentinoma, 
Mutation Validation
Candidate somatic variants from the Ion AmpliSeq Cancer Hotspot Panel were defined as those in regions with a depth greater than 100X and a variant frequency greater than 10%. Synonymous variants and variants registered in dbSNP131 were excluded. Candidate somatic variants were evaluated using bidirectional Sanger sequencing with nested sequencing primers. Tumor and germline DNA (when available) were compared. Variants present in tumor DNA and not in germline DNA were categorized as somatic variants.
Immunohistochemistry
Two tissue microarrays (TMA) were constructed with 1mm cores in triplicate from formalin-fixed paraffin-embedded (FFPE) tissue blocks. One TMA was prepared from the 50 non-decalcified cases suitable for molecular evaluation. Decalcified and non-decalcified cores from 10 BRAF V600E positive cases were included in this array in order to assess the effect of decalcification on immunohistochemistry.
A separate microarray was constructed from 34 cases of ameloblastomas not suitable for molecular evaluation due to decalcification. For cases in which tumor tissue was not present within the array, whole sections were evaluated. 4 micron -thick sections were cut and processed for immunohistochemistry using an antibody against V600E-mutated BRAF protein (clone VE1, Spring Bioscience, dilution 1:40).
Research. 
Western blotting
Cell lines were incubated in vehicle (DMSO) or vemurafenib (PLX4032) at 150nM, 500nM or 1,000nM
for two hours or six hours. Pellets were lysed in RIPA buffer (Thermo Scientific). Western blotting analyses were performed by the standard protocol using assorted primary antibodies: anti-pERK (E-4, Santa Cruz Biotechnology, 1:500 dilution), anti-ERK (C-16, Santa Cruz Biotechnology, 1:1,000 dilution), anti-p-MEK 1/2 (Cell Signaling Technology, 1:1,000 dilution), anti-MEK 1/2 (Cell Signaling Technology, 1:1,000 dilution), and anti-GAPDH (MAB374, Millipore, 1:1,000 dilution).
Proliferation Assay
Cell lines were incubated in vehicle (DMSO) or vemurafenib at 10nM, 50nM, 100nM, 200nM, 500nM, 1,000nM or 10,000nM. Cell growth was determined at 24, 72, 96, 144, 192 and 216 hours in triplicate by measurement of metabolic cleavage of tetrazolium salt into formazam using Cell Proliferation Reagent WST-1 (Roche Diagnostics) according to the manufacturer's instructions. The IC 50 was determined from the regression of a plot of the logarithm of the concentration versus percent inhibition at the time point of maximal inhibition. Due to the slow growth and long doubling time of AM-1, the IC 50 was determined at 216 hours while the IC 50 of SK-MEL-28 was determined at 96 hours.
Statistical Analyses
Research. Clinical variables including age at diagnosis, tumor location (mandible versus maxilla), tumor size, and treatment procedure (resection versus enucleation) were evaluated for a potential association with BRAF mutation status. Continuous variables were expressed as mean with standard deviation and association with BRAF mutation status was evaluated using a two-sample t test. Categorical variables were expressed as a percentage (frequency) and association with BRAF mutation status was evaluated using Chi-Square test. Recurrence-free survival (RFS) was calculated by the Kaplan-Meier method, and compared using the log-rank test. Univariate Cox proportional hazards regression analysis was used to evaluate BRAF mutation and each clinical variable on the survival outcome, and the multivariate Cox regression was used to evaluate the effect of BRAF mutation status on survival after adjusting for age, tumor location and treatment procedure. All analyses were performed using SAS (version 9.3, SAS Institute, Cary, NC). A p-value of <0.05 was considered significant.
RESULTS
BRAF V600E Mutations in Ameloblastoma
A BRAF V600E mutation was initially identified within our laboratory from a 29-year-old female with metastatic ameloblastoma while being evaluated for clinical trials. This mutation was identified using an allele-specific PCR test for BRAF V600E and confirmed with Sanger Sequencing (Fig. 1B-C) . To determine the prevalence of BRAF V600E in ameloblastoma, 50 cases with non-decalcified tissue were selected and evaluated using the BRAF V600E allele-specific PCR test. BRAF V600E mutations were identified in 31 of 50 cases (62%).
We next employed VE1 immunohistochemistry to establish the utility of this stain in the context of ameloblastoma and to broaden the cohort to include cases with tissue not amenable to DNA-based mutation screening due to decalcification. Immunohistochemistry was first performed on 50 cases previously evaluated by BRAF V600E allele-specific PCR (44 within a tissue microarray and 6 within whole tissue sections). 100% concordance for BRAF V600E mutation status was observed between molecular and immunohistochemistry results for the 50 cases evaluated by both techniques. Decalcified cores from 10 BRAF V600E positive cases included in this microarray showed staining of similar intensity to paired non-decalcified cores. Neoplastic epithelium showed staining that was consistently cytoplasmic and ranged from weak to moderate in intensity, typically strongest in the basal cells (Fig.   1D ). Tumor cells with squamous morphology frequently displayed weaker staining. No staining was observed in non-neoplastic tissue.
A separate tissue microarray comprised of 34 cases of ameloblastomas not suitable for molecular evaluation due to decalcification was evaluated using VE1 immunohistochemistry. Evidence of a BRAF V600E mutation was observed in a similar proportion of cases as those evaluated by molecular techniques -23/34 (65.7%) compared to 31/50 (62%). 100% concordance was observed between two independent scorers.
Additional FGFR2-RAS-BRAF Mutations
In order to screen for additional MAPK pathway mutations in ameloblastomas, we evaluated 50 cases using the Ion AmpliSeq Cancer Hotspot panel. No BRAF mutations other than V600E were identified.
Activating, somatically acquired RAS mutations were mutually exclusive with BRAF mutations and were found in 10 of 19 BRAF wild-type cases (53%; Fig. 2A Table   S1 ). RAS mutations included 4 KRAS mutations (8%; G12R), 3 NRAS mutations (6%; Q61R and Q61K), and 3 HRAS mutations (6%; G12S, Q61R and Q61K). The allele frequencies is greater than 50% in some cases suggesting possible homozygosity or aneuploidy. Mutually exclusive FGFR2 mutations were also identified in 3 cases (6%; C382R and V395D). All three cases demonstrated allele frequencies greater than 50% consistent with homozygosity or aneuploidy. Together BRAF, RAS and FGFR2 mutations were present in 44/50 ameloblastomas (88%). All mutations were confirmed by Sanger sequencing. The 
Other Mutations
The Ion AmpliSeq Cancer Hotspot panel also identified several recurrent somatic mutations not directly involved in the MAPK pathway (Supplemental Fig. S1 ; Supplemental Table S1 ). These included SMO L412F (4), W535L (3) and G416E (1); CTNNB1 S33P (1), S45P (1); PIK3CA E542K (1), E545K (1), H1047R (1); and SMARCB1 R377H (3). All of these missense mutations were previously described in other neoplasms except SMO G416E. Sanger sequencing of tumor with matched normal tissue confirmed the somatic nature each of these mutations. These mutations co-occurred with FGFR2-RAS-BRAF mutations and, in some cases, with each other (Fig. 2B ). CTNNB1 (Beta-catenin) immunohistochemistry demonstrated membranous staining without any difference in staining intensity or pattern in CTNNB1 mutated and CTNNB1 wild-type tumors (Supplemental Fig. S2A ). Likewise, SMARCB1 (INI-1) staining did not differ between SMARCB1 mutated and SMARCB1 wild-type ameloblastomas (Supplemental Fib. S2B). Variants found in both tumor and germline DNA were considered to be benign polymorphisms.
All somatic and germline variants are listed in Supplemental Table S1 .
Other Odontogenic Tumors
To determine the specificity of the BRAF V600E mutation in the context of odontogenic tumors, we evaluated forty non-ameloblastoma odontogenic tumors using BRAF V600E allele-specific PCR. BRAF V600E mutations were identified in 1/1 ameloblastic fibrodentinomas and 2/2 ameloblastic fibromas. All other odontogenic tumors were negative for BRAF V600E (Supplemental Table S2 ).
Clinical/Genotypic Association
Clinical and genotypic information for each case is shown in Supplemental Table S1 . BRAF V600E mutations were correlated with a younger age of diagnosis for all 84 cases in this study (mean age 34. versus 53.6; p<0.0001; Fig. 3A ) and for the initial 50 non-decalcified cases of ameloblastoma evaluated by molecular techniques (mean age 33.0 versus 53.4; p=0.0007). Cases with BRAF mutations were also less likely to arise in the maxilla -rather than mandible -for all cases (5.6% versus 43.3%; p<0.0001) and for those evaluated with molecular techniques (9.7% versus 68.4%; p<0.0001). No association was found between BRAF mutation status and tumor size or treatment procedure performed. In univariate analyses, earlier recurrences were seen in BRAF V600E wild-type tumors (log-rank=0.0072; Fig. 3B ), in maxillary tumors (log-rank=0.035; Fig. 3C ), and in patients treated with enucleation rather than resection (log-rank=0.017; Fig. 3D) . In a multivariate analysis (Table 2) , only BRAF status (p=0.0455) and treatment procedure (p=0.0207) showed an independent, statistically significant association with recurrence free survival.
In vitro Inhibition of BRAF
To determine the functional significance of BRAF V600E mutations in ameloblastomas and to assess the potential utility of therapeutic agents targeting this mutation, we evaluated the in vitro effect of vemurafenib on MAPK pathway activation and proliferation of the ameloblastoma cell line AM-1. A melanoma cell line known to harbor a BRAF V600E mutation, SK-MEL-28, was used as a positive control while a breast cancer cell line without any known MAPK pathway mutations, MCF7, was included as a negative control. Sanger sequencing of BRAF exon 15 demonstrated a BRAF V600E mutation in AM-1, a homozygous BRAF V600E mutation in SK-MEL-28, and no mutations in MCF7 (Fig. 4A) . Both AM-1 and SK-MEL-28 demonstrated high levels of phospho-ERK and phospho-MEK relative to MCF7. This activation was inhibited by vemurafenib (a BRAF small molecule inhibitor) in a dose and time dependent manner (Fig. 4B) . Vemurafenib inhibited the proliferation of AM-1 and SK-MEL-28 without affecting the proliferation of MCF7 (Fig. 4C) . The IC 50 for AM-1 and SK-MEL-28 were 119nM and 476nM, respectively (Fig. 4D) . The IC 50 for MCF7 was not reached.
Research. number of cases to establish a significant association between genotype and prognosis. In this study, we evaluated a total of 84 ameloblastoma cases using a combination of mutation screening techniques and identified MAPK pathway (BRAF, KRAS, NRAS, HRAS) and FGFR2 mutations in 88% of cases as well as several non-MAPK mutations including SMO, SMARCB1, CTNNB1 and PIK3CA. We also evaluated the functional and clinical significance of the most common mutation in ameloblastoma -BRAF V600E -including in vitro response to targeted therapy. Finally, we evaluated other non-ameloblastoma odontogenic tumors to establish the specificity of BRAF V600E.
DISCUSSION
Among ameloblastomas evaluated with molecular techniques, somatic mutations were identified in 92% of cases. Most cases with multiple mutations showed similar allele frequencies except for two cases in which the frequency of FGFR2 mutations were approximately double that of SMO mutations and one case in which the frequency a SMARCB1 mutation was approximately double that of an HRAS mutation.
Another two cases showed RAS mutations at allele frequencies greater than 50%. These differences likely reflect homozygous mutations but could also result from aneuploidy, amplification, etc. BRAF V600E was the most common mutation found in 62% of cases evaluated by molecular techniques and 66% of cases evaluated by VE1 immunohistochemistry. We confirmed this mutation to be somatic by documenting the absence of this mutation in germline DNA. Kurppa et al. (5) recently identified this mutation in a similar proportion of cases -63% (15 of 24 cases), while Sweeney et al. (10) reported BRAF mutations at a lower frequency -46% (13/28). BRAF is a serine-threonine kinase within the MAPK pathway. The V600E mutation results in constitutive activation of this enzyme and downstream MEK and ERK signaling, enhancing cell proliferation, survival, and ultimately neoplastic transformation (11) . This mutation is present in numerous neoplasms including melanoma (12) , hairy cell leukemia (13), papillary thyroid carcinoma (14) , Langerhans cell histiocytosis (15) , and colorectal cancer (16) .
Forty non-ameloblastoma odontogenic tumors were evaluated for the BRAF V600E mutation using allelespecific PCR. The BRAF V600E mutation was identified in 1/1 ameloblastic fibrodentinoma and 2/2 ameloblastic fibromas, suggesting these neoplasms may represent histologic variants of ameloblastoma with a similar pathogenesis. All other odontogenic tumors evaluated were negative for BRAF V600E.
These findings suggest ameloblastic tumors are a distinct group of odontogenic tumors with characteristic genetic abnormalities. These findings also implicate the BRAF V600E mutation as a potential diagnostic marker. In this study, 100% concordance was observed between VE1 immunohistochemistry and molecular detection of BRAF V600E mutations, demonstrating that both techniques may be useful in the diagnosis of ameloblastoma.
In this study, BRAF V600E mutations were more frequently observed in younger patients and less frequently observed in tumors arising in the maxilla. These findings are analogous to BRAF V600E mutations in melanoma which also occur in younger patients and have a different anatomic distribution compared with NRAS and other mutations (17) (18) (19) (20) . In melanoma, different anatomic distributions are thought to result from differences in ultraviolet light exposure. It is unclear why the anatomic distribution differs between BRAF V600E and BRAF wild-type ameloblastomas. BRAF mutation status was also a predictor of recurrence free survival. In univariate analyses, earlier recurrences were seen in BRAF wild-type tumors. Earlier recurrences were also observed in those treated with enucleation rather than resection as previously reported (21) and in tumors arising in the maxilla.
The association between the BRAF mutation status and recurrences may be explained in part by the more frequent localization of BRAF wild-type tumors in the maxilla. However, in a multivariate analysis that included BRAF status, age at diagnosis, tumor location and treatment procedure, both BRAF status (p=0.0455) and treatment procedure (p=0.0207) were independent, statistically significant predictors of recurrence. This finding implicates BRAF V600E as a prognostic marker.
The BRAF protein is normally activated by the G-protein RAS. KRAS, NRAS and HRAS are oncogenes commonly mutated in cancer (22) . In this study, mutations in KRAS, NRAS and HRAS were present in 53% of BRAF V600E negative cases of ameloblastoma. All RAS mutations occurred at sites commonly mutated in other neoplasms -codons 12 and 61. Fibroblast growth factor receptor 2 (FGFR2) is one of several receptors that activate RAS. Activating FGFR2 mutations occur in 10% of endometrial carcinomas and are mutually exclusive with KRAS mutations (23) . These mutations result in constitutive MAPK pathway activation that is abrogated by treatment with FGFR inhibitors (24) . In this study, somatic FGFR2 mutations (C382R and V395D) were found in 6% of ameloblastoma cases. Both mutations affect the transmembrane domain of the receptor and have been described in endometrial carcinoma (23) (24) (25) (26) . The C382R mutation has been shown to result in constitutive activation (27) and to transform 3T3 cell in vitro (25, 27) . Furthermore, treatment of ameloblastoma cells with FGFR2 ligands FGF7 and FGF10 results in cell proliferation and MAPK pathway activation, an effect that can be blocked by MEK inhibition (3) . In this study, RAS, BRAF and FGFR2 mutations were found to be mutually exclusive with one another and together were found in 88% of cases. This pattern suggests each of these mutations likely represents a critical mutation affecting a common pathway and occurring early in the pathogenesis of ameloblastoma. Several mutations were identified within genes not involved in the MAPK pathway. These included SMO, CTNNB1, PIK3CA, and SMARCB1. All mutations were confirmed to be somatically acquired. In contrast to FGFR2-RAS-BRAF mutations, these were present in a lower proportion of cases (16%, 4%, 6%, and 6% respectively), and were not mutually exclusive with FGFR2-RAS-BRAF mutations or with one another, suggesting they may represent secondary mutations occurring later in the pathogenesis of ameloblastoma.
In this study, SMO was the most commonly mutated gene outside of RAS-BRAF with mutations present in 16% of cases overall. These mutations occurred both in isolation (1) , and in cases with concomitant RAS (4), FGFR2 (2) and BRAF (1) mutations. While W535L and L412F have been described in basal cell carcinoma (28, 29) and meningioma (30, 31) and have been shown to be activating (20, 32) , G416E represents a novel mutation. The Smoothened (SMO) protein is a non-classical G-protein-coupled receptor normally repressed by patched (PTCH1) in its resting state (33) . While SMO mutations have never been described in association with ameloblastoma, polymorphism and deleterious germline mutations within PTCH1 have been shown to affect the risk of ameloblastoma (34, 35) .
Two mutations, S33P and S45P, were identified in the CTNNB1 gene which encodes the beta-catenin protein -a key downstream component of the Wnt signaling pathway. One mutation was present in association with both BRAF and PIK3CA mutations. A single case of ameloblastoma with CTNNB1 S45P was previously reported in the literature (7) while S33P has never been described in ameloblastoma. Both of these mutations involve serine residues normally phosphorylated prior to ubiquitination and both mutations have been described in other neoplasms including desmoid tumors (36) and hepatocellular carcinoma (37) . No difference was observed in the CTNNB1 (beta-catenin) staining pattern or intensity for CTNNB1 mutated and CTNNB1 wild-type ameloblastomas. Of note, frequently mutated sites in the PIK3CA mutations -E542K, E545K, H1047R -were identified in three cases, one with both a BRAF and a CTNNB1 mutation. PIK3CA mutations have never been described in ameloblastoma, but each of the observed mutations has been identified in several neoplasms and has been shown to have transforming activities (38) (39) (40) (41) (42) (43) .
A SMARCB1 R377H mutation was identified in three cases of ameloblastomas, two that also carried a BRAF V600E mutation and one that also had a HRAS mutation. This mutation has been described in both meningioma (44) and gastric carcinoma (45) . In ameloblastoma, this missense mutation did not alter 
